Defects in long-range regulatory elements have recently emerged as previously underestimated factors in the genesis of human congenital disorders. Lé ri-Weill dyschondrosteosis is a dominant skeletal malformation syndrome caused by mutations in the short stature homeobox gene SHOX. We have analysed four families with Léri-Weill dyschondrosteosis with deletions in the pseudoautosomal region but still with an intact SHOX coding region. Using fluorescence in situ hybridization and single nucleotide polymorphism studies, we identified an interval of 200 kb that was deleted in all tested affected family members but retained in the unaffected members and in 100 control individuals. Comparative genomic analysis of this interval revealed eight highly conserved non-genic elements between 48 and 215 kb downstream of the SHOX gene. As mice do not have a Shox gene, we analysed the enhancer potential in chicken embryos using a green fluorescent protein reporter construct driven by the b-globin promoter, by in ovo electroporation of the limb bud. We observed cis-regulatory activity in three of the eight non-genic elements in the developing limbs arguing for an extensive control region of this gene. These findings are consistent with the idea that the deleted region in the affected families contains several distinct elements that regulate Shox expression in the developing limb. Furthermore, the deletion of these elements in humans generates a phenotype apparently undistinguishable to those patients identified with mutations in the SHOX coding region and, for the first time, demonstrates the potential of an in vivo assay in chicken to monitor putative enhancer activity in relation to human disease.
INTRODUCTION
Longitudinal body growth is attained by regulated proliferation and differentiation of the chondrocytes in the growth plate (1) . This process is under tight environmental and genetic control and any misregulation can lead to disproportionate or proportionate short stature or various skeletal dysplasias (2) . The human SHOX gene (MIM 312865) is one of the major genes contributing to longitudinal growth (3, 4) . SHOX mutations resulting in haploinsufficiency have been reported in patients with isolated short stature (4) and Leri-Weill syndrome (LWS) (MIM 127300) (5, 6) , whereas # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org *To whom correspondence should be addressed. Tel: +49 6221565059; Fax: +49 6221568884; Email: gudrun_rappold@med.uni-heidelberg.de Human Molecular Genetics, 2007, Vol. 16 
the homozygous loss of SHOX results in the severe Langer dysplasia (MIM 249700) (5) . The main clinical features of these two syndromes include mesomelic, disproportionate short stature and a characteristic curving of the radius, known as Madelung deformity, leading to a limited mobility of the wrist. Due to its position within the pseudoautosomal region of the sex chromosomes, SHOX was also hypothesized to play a role in some of the clinical features of Turner syndrome. Human embryo studies subsequently showed that SHOX is strongly expressed in various skeletal structures defective in Turner syndrome, confirming a potential role in bone development and body growth (7) . The incidence of SHOX mutations/deletions is estimated to account for 50-70% of LWS (8 -14) . In addition, about 3-15% (dependent on the population) of isolated ('idiopathic') short stature is caused by SHOX mutations (15 -17) .
The SHOX gene has highly homologous orthologs in various vertebrate species including chimpanzee, opossum, dog, chicken, frog and Tetraodon fish, but like other genes from the Xp22 region, it is absent in mouse and rat (18) . During recent years, availability of the complete genome sequence from various vertebrates has allowed whole genome alignments between species. Comparative sequence analysis has identified pockets of DNA sequences conserved over evolutionary time providing a powerful guide in sorting functional from non-functional DNA (19) . This allows not only the identification of genes, but also recognition of gene regulatory elements (20) .
Here we report on four families with LWS presenting deletions proximal to the SHOX gene. Comparative genomic analysis identified eight highly evolutionarily conserved noncoding DNA elements (CNEs) within the commonly deleted 200 kb of DNA. We have tested and used an in ovo electroporation method in chicken embryos for the first time to analyse the enhancer capabilities of these CNEs (21) . Using this method we have demonstrated that three CNEs show cisregulatory activity in the developing limb bud. This argues that these conserved elements may play a role in regulating tissue-specific SHOX expression in the limb bud by acting as enhancers.
RESULTS

Microdeletions downstream of the SHOX gene
To identify long-range regulatory elements of the SHOX gene, we have analysed the DNA of 122 patients with a clinical manifestation of LWS. By sequence analysis, we first screened for mutations affecting the coding region, the two promoters and the 5 0 -and 3 0 -UTRs of SHOX (22) . Of 122 patients, 17 presented an intragenic mutation (nine missense, six nonsense, two frameshift mutations) and 47/122 a deletion of the entire gene consistent with previous studies (data not shown). We were interested in those patients who did not have a detectable SHOX mutation in the coding region and who also maintained the SHOX containing cosmid LLNOYCO3 0 M 0 34F05 as defined by fluorescence in situ hybridization (FISH) analysis, thus presumably presenting an intact SHOX genomic region (Fig. 1A) . We then screened for the presence of the two adjacent cosmids LLNOYCO3 0 M 0 15D10 and ICRFc104G0411.
According to these analyses, four of the 122 patients analysed (3.28%) presented an intact SHOX gene region (as suggested by two FISH signals with the cosmids LLNOYCO3 0 M 0 15D10 and LLNOYCO3 0 M 0 34F05), but cosmid ICRFc104G0411 revealed a weaker or no signal on one of the two sex chromosomes. This suggested that a deletion might exist 3 0 to the SHOX genomic locus in each of these four cases (Fig. 1B) . This assumption was confirmed by FISH analysis with various cosmids that map to an interval between 550 and 750 kb from the telomere showing only one signal on one of the two sex chromosomes (Fig. 1A and B) . To further verify these results, extensive single nucleotide polymorphism (SNP) analysis was carried out (Fig. 1C) . The smallest deletion size was confined to 220 kb in family 4 and the largest deletion to 360 kb in family 1. All four families shared a common deletion interval of 200 kb (Fig. 1A) . This genomic interval was found to be deleted-as determined by FISH-in all affected family members tested (n ¼ 16), thus co-segregating with disease. It was retained in all the tested unaffected family members (n ¼ 19) (Fig. 2 ) and in 100 normal control individuals.
Comparative genomic analysis identifies highly conserved non-coding elements within the shared deletion interval
To investigate the functional significance of the deleted region, the DNA sequence from this interval was analysed for the presence of evolutionary conserved genomic elements using the UCSC and ECR genome browsers. The settings of the ECR browser were adjusted to identify sequences with a minimal length of 100 bp and a 70% identity according to the criteria suggested by Dubchak et al. (23) . Several noncoding elements conserved in human, dog, opossum, chicken and frog were identified within the common minimal deletion of 200 kb. The degree of conservation was found to inversely correlate with evolutionary distance (Fig. 3B) . The eight most highly conserved elements were selected for further functional analysis. None of these eight conserved elements showed matches with ESTs in any of the genome browsers suggesting that they are non-coding.
Three out of eight conserved elements show enhancer activity in the chicken embryo
The selected eight CNEs (CNE 2 -CNE 9) were cloned into a reporter construct upstream of the b-globin promoter driving the expression of green fluorescent protein (GFP) (Fig. 4A ) and enhancer activity was monitored in chicken embryos. The b-globin promoter was selected as it has no basal activity in the absence of an enhancer and the GFP reporter allows detection of low level activity (21) . Two constructs, one lacking an enhancer sequence and the other containing the SV40 enhancer, were used as negative and positive controls, respectively. To investigate a potential regulatory activity of the conserved elements CNE 2 -CNE 9, we assessed their function as putative enhancers in chicken embryos. We electroporated the limb bud (at stages HH11 -22) in ovo (21) so that the results can be directly compared to the wild-type Shox expression pattern (Fig. 4B ). An RFP reporter construct was co-electroporated to control for electroporation efficiency.
Human Molecular
The embryos were analysed for GFP expression 48 h following electroporation when Shox has been shown to be expressed in this region at these stages of development (Fig. 4B) . Figure 4C and D shows the results of the electroporation experiments of the CNEs. RFP indicates the cells that were successfully electroporated. The first two panels in Figure 4C show the results of the positive control and negative control electroporations into the limb bud a, a 0 , b and b 0 , respectively. When the SV40 enhancer was introduced (positive control), wide-spread GFP expression in electroporated cells in the limb bud was detected [note similar distribution of GFP and RFP; n ¼ 6/8 in the limb bud (75%)]. In contrast, when no enhancer was introduced (negative control), no GFP was detected in the electroporated cells in the limb after 48 h (compare distribution of GFP and RFP; n ¼ 6/6 in the limb bud). When constructs containing the eight CNEs were Figure 4D summarizes these data including the number of embryos electroporated and those that expressed GFP. Note that, in the limbs which were viewed as whole mounts, positive results were obtained in between 57 and 62% of the cases which compares well with the positive control (75%). As a further control, we have also generated five constructs of similar length and GC content as the CNEs, but from non-conserved, non-coding regions of the X chromosome. All the five sequences are not contained within the deleted interval of the described patients. We electroporated 27 limb buds and can show that none (0/27) of the non-conserved NCE's can drive GFP expression in the limb, indicating that they do not have any enhancer activity in the limb ( Fig. 4E and F).
DISCUSSION
Haploinsufficiency of the human short stature homeobox gene SHOX leads to various short stature phenotypes. In this study, the analyses of LWS patients for SHOX deletions have revealed four families with an intact SHOX genomic region but with microdeletions downstream of the SHOX gene. The frequency of downstream deletions is lower when compared with previous studies possibly due to the different screening strategy applied (17, 24) . Thus, we cannot exclude that we may have missed more proximal deletions within the pseudoautosomal region in additional patients. Extensive FISH and SNP analysis have indicated that the analysed deletions share a common interval of 200 kb sequence. In silico analysis of the shared deleted region showed that the interval is part of an extensive gene desert (25) of about 750 kb between the genes SHOX and CSF2RA within the pseudoautosomal region (18) . Eight CNEs with a high degree of conservation between the human and chicken genome (.70% identities over .200 bp of sequence) but also highly conserved in dog, marmoset and Xenopus were isolated within the 200 kb interval and functionally characterized. Six of these CNEs showed identities of around 80% over .400 bp of sequence between human and chicken (Fig. 4D ). These CNEs are also remarkably stable in 150 different human individuals analysed, as for example only one SNP over 1026 bp in CNE5 and three SNPs over 824 bp in CNE9 were identified (data not shown). Such stability and conservation implies strong negative selection or alternatively, a greatly reduced mutation rate or efficient repair (26) . CNEs were identified as an unexpected component of all genomes and have often been shown to be more constrained than coding DNA and non-coding RNAs (27, 28) . Most CNEs are unique sequences, of unknown function and together comprise 1 -2% of the human genome with a distribution independent of gene location. Transgenic animal models represent the most advanced way to characterize whether CNEs may act as enhancers driving the expression of a minimal promoter-EGFP reporter cassette. A similar strategy has recently been used to map CNEs in the zebrafish genome (29) . The ability to drive expression of a reporter gene in an appropriate region of the embryo signifies that the CNE functions as an enhancer. Since SHOX has no murine ortholog, these assays could not be performed in mouse or rat. Recently, chicken has emerged as a powerful model organism for gene function analysis using the newly developed technique of in ovo electroporation. Chicken embryos have also been shown to be useful for the functional analysis of murine-specific enhancers (21) .
We have previously demonstrated that Shox expression in the chicken first appears in the limb buds at HH19/20 (30) . Therefore, we carried out in ovo enhancer assays in chicken embryos. Eight CNEs were separately cloned upstream of the b-globin promoter driving the expression of GFP and individually electroporated into the chicken limb bud. Testing these elements revealed that CNEs 2, 3, 6, 7 and 8 did not show any enhancer activity in the limb while CNEs 4, 5 and 9 drive reporter expression in the limb bud ( Fig. 4C and D) . Furthermore, enhancer activity is detected in regions where the endogenous gene is expressed. This is the first time that enhancer activity has been tested in the chick limb. Even though it is more difficult to electroporate chick limb mesenchyme than the neural tube epithelium (GFP expression is detected in 75% of the positive controls in the limb compared with 100% for the neural tube; data not shown), this assay nevertheless appears to be very robust with GFP expression being detected in around 60% of the limb buds electroporated with CNE 4, 5 and 9 and no GFP expression being detected in any of the limb buds electroporated with control sequences of a similar GC content and length (n ¼ 27). These results therefore suggest that the chicken limb bud is useful as a rapid and efficient way for the screening activity of enhancers related to human disease. 
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Known SHOX function can be best correlated with limb development and short stature in patients with SHOX haploinsufficiency and thus the facts that CNEs 4, 5 and 9 drive GFP expression in the limb is particularly pertinent. It is also interesting to note that CNE 5 is duplicated in the genome (31) . Its corresponding homolog with an 85% identity over 57 bp maps downstream of SHOX2, a highly homologous gene paralog with identical functional protein domains (32), suggesting some degree of coordinated expression between SHOX and SHOX2 in the limbs (7) . Indeed, our recent analysis of Shox and Shox2 expression in chick embryos revealed that expression overlaps (30) . It is also interesting to note that deleting the CNE5 homolog downstream of SHOX2 (which unlike SHOX has a mouse ortholog) in a transgenic mouse model results in the loss of the limb expression domain (Cobb and Duboule, personal communication). Together, these results show that differential SHOX expression in the limb is regulated by multiple cis-regulatory elements downstream of the gene. CNE 2, 3, 6, 7 and 8 did not drive detectable expression of GFP and therefore do not appear to have any enhancer activity in the embryonic limb. It is possible, however, that they function in different regions of the embryo or at later stages, e.g. post-natally. Indeed, electroporation of CNE 4, 5 and 9 into the neural tube where Shox is also expressed, were also found to drive GFP expression, as did CNE's 3 and 7 (data not shown). However, this assay is not as robust as that in the limb in that 8/27 (29%) of electroporations using NCEs gave weak positive results. Furthermore, the functional significance of Shox expression in the neural tube is currently unclear.
Very recently, LWS patients with an intact SHOX coding region and deletions downstream of the gene have been described. These studies revealed a commonly shared deletion interval of 30 kb (24), 40 kb (33) or 10 kb (17) in their set of patients. While the minimal region of the first two studies overlap and formally include one of the CNEs (CNE 9) that we studied, enhancer activity assays in an in vivo animal model have not been carried out (24, 33) . The minimal 10 kb element identified by Huber et al. resides between CNE 8 and CNE 9, neither includes any of the CNEs that we studied nor does it contain any other conserved element suggesting that additional control regions regulating SHOX expression cannot be excluded. The combined results (24,33 and this study) suggest that CNE 9 may represent a particularly frequently deleted CNE in patients with LWS and downstream deletions (Fig. 5) . In addition, data from this study shows for the first time that there is not only one but several cis-regulatory elements residing at 3 0 of the SHOX gene suggesting that deletion of either one of these elements may have an effect on the phenotype. Complexity in higher vertebrates is conferred by variation in timing, abundance and localization of gene expression. Multiple promoters, as well as enhancers and silencers are often required to obtain this regulation. Enhancers and silencers can work in an orientation-and distance-independent manner to achieve the temporal and spatial expression of the genes they regulate. Disruption of cis-acting enhancers, for example, that are sometimes hundreds of kilobases away from transcriptional start sites, have been reported in aniridia, preaxial polydactyly, Van Buchem disease and campomelic dysplasia (34 -38) . Genotype-phenotype correlations in some studies have suggested that defects in regulatory sequences might frequently present milder phenotypes than mutations in coding regions. Patients with mutations in SOX9, for example, generally show a more severe phenotype than the ones with defects in regulatory sequences located far from the SOX9 coding region (38) . A similar phenomenon might be associated with SHOX-related phenotypes but due to the quantitative character of height and the great clinical variability of SHOX deficiency (8, 9) , these genotype -phenotype conclusions are difficult to draw.
Cis-regulatory elements comprise clustered target sites for transcription factors. Using bioinformatic approaches, various putative transcription factor binding sites, including those involved in limb development, can be identified. Functional assessment of the transcription factors putatively binding to the CNEs can now be verified by electro-mobility shift assays (EMSA) and/or yeast one hybrid screens. Compilation of all this information will highlight the molecular network involved in SHOX expression and thus its differential transcriptional regulation. The combined results of (24,33 and this study) suggest that although CNE 9 may represent a particularly frequently deleted CNE in the analysed subset of patients, CNE 4 and CNE 5 seem equally important for the proper transcriptional regulation of SHOX. This is the first comprehensive analysis of putative SHOX enhancer activity in an in vivo system. We have shown that deletions in four families with LWS result in the loss of 
MATERIALS AND METHODS
Clinical evaluation of the patients
Data on age and standard deviations from normal heights were available for the following individuals: of LWS, such as mesomelic shortening of the fore arms and lower legs, curving of the radius, Madelung deformity, triangularization of the distal radial epiphysis or lucency of distal ulnar border of radius. All individuals were seen by endocrinologists. Disorders such as growth hormone (GH) deficiency, GH receptor defect, malignant neoplastic disease, chronic infectious disease, active rheumatoid arthritis, diabetes mellitus and renal insufficiency were previously ruled out. Short stature was diagnosed when height for sex and chronological age was below the third percentile or below 22 SDS of national height standards.
Patients' material
Peripheral blood samples were collected from 17 members of family 1, three members of family 2, three members of family 3 and 12 members of family 4, after informed consent was obtained. Together 14 males (six affected and eight nonaffected) and 21 females (10 affected and 11 non-affected) were analysed. All families were of European origin (two German, one Austrian and one Dutch). FISH was carried out on metaphase spreads of the following individuals: 
FISH analysis
Biotinylated cosmid DNA was hybridized to metaphase chromosomes of lymphocytes of patients as described (39) . FISH was performed using the following cosmids:
-2160 E21, HucosLi 2/3/2, P0117 (ICRFc104P0117) and E0625 (LLNLC110E0625). One or both cosmid ends were sequenc ed to derive an exact map position of the respective clones and also analysed regarding their SNPs content (Fig. 1C) . Hybridization signals were detected via avidin-conjugated FITC. Chromosomes were counterstained with DAPI. Images of FITC-and DAPI-stained chromosomes were taken separately using a cooled charge coupled device camera system (Photometrics, Tucson AZ, USA).
SNP analysis
SNPs mapping was undertaken to refine the breakpoint regions as defined by FISH. (Table 1) . Depending on the distal and proximal deletion breakpoints, different SNPs were chosen and analysed for sequence heterozygosity in the respective patients. After PCR amplification, PCR products were sequenced on a MEGABACE sequencer (Amersham Bioscience, Piscataway, NJ, USA) using the DYEnamic ET dye terminator Cycle Sequencing Kit according to the manufacturer's instructions. Details of primers and PCR conditions concerning the SNP analysis have been provided in Table 1 .
SHOX mutation analysis by direct sequencing
Mutation analysis for the SHOX coding region, 5 0 and 3 0 -UTRs and promoters P1 and P2 was carried out as previously described (4 and unpublished data). Primer pairs were previously described (4, 8) . In total, eight different PCR amplifications were carried out per individual patient DNA. This covers the entire protein-coding region of SHOX as well as the 5 0 -and 3 0 -UTRs.
Comparative genomic analysis
The genomic sequence was retrieved from the UCSC genome browser (www.ucsc.edu/genome). The vertebrate sequences orthologous to the human SHOX locus were obtained from the ECR Browser (http://ecrBrowser.dcode.org). Identification of conserved sequences in vertebrates was obtained using a combination of BLASTN and ECR browser tools. An e-value of 1 Â 10 27 (corresponding to a sequence size of 100 bp with a 70% homology between species) was used as a threshold to filter out low homology hits between queried and subject sequence. All the alignments obtained represent a comparison of the human SHOX sequence to that of a second species.
Plasmid constructs
Plasmid vector BG-EGFP containing the human globin promoter driving the expression of GFP was kindly provided by Dr J. Johnson (21) . The conserved non-coding sequence elements CNE 2 -CNE 9 were PCR-amplified using respective primers and human genomic DNA as template: CNE2 For (AAAACCGCGGCGACTAATGATATTCCGCAA), (AAAACCGCGGTATACTTTACTTCTT  TGCTG) , CNE9 Rev (AAAATCTAGATTGTGTCTGCAGT GTCCCCT). The PCR products were A-overhanged and cloned in the pSTBlue-1/Acceptor vector (Novagen). For subcloning the conserved elements upstream of the human globin promoter, the pSTBlue-1 clones containing the CNEs, were double-digested with SacII and XbaI (MBI Fermentas) and ligated in a similarly digested plasmid vector. For the nonconserved NCEs, the same procedure was carried out. The exact position of the selected sequences on the X chromosome are given in Figure 4F . PCR reactions were carried out with Expand High Fidelity Taq (Roche). Clones were sequenced on a MEGABACE sequencer (Amersham Bioscience) using the DYEnamic ET dye terminator Cycle Sequencing Kit according to the manufacturer's instructions.
Chicken in ovo electroporations and enhancer reporter expression analysis
Fertilized White Leghorn eggs were obtained from H. Stewart (Lincolnshire, UK) and were incubated at 398C. One microgram per microliter of the GFP reporter construct containing the conserved NCE (or non-conserved NCE) element was co-electroporated with 1 mg/ml of an RFP expression vector [RFP in pCAGGs driven by the U6 promoter from chick chromosome 28 (40) ] and 0.02% fast green. This mix was injected into the limb bud mesenchyme at stages HH 20-22 and electroporated with one pulse of 45 V for 50 ms using 3 mm platinum electrodes placed anterior and posterior to the limb bud. Limb buds were analysed as whole mounts for GFP and RFP expression 48 h following electroporation using a UV fluorescence microscope and a GFP or TXR filter, respectively. Embryos had reached approximately stage HH 26 when the limb buds were analysed.
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